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Abstract-A detailed parameter extraction sequence for the 
comprehensive silicon carbide (Sic) power diode model is 
presented. The extraction sequence is applicable to any BC 
diode technology. It is demonstrated for a 1.5 kV, 10 A Merged 
PiN Schottky (MF'S); 5 kV, 20 A PW; 10 kV, 5 A and the 
new commercially available 600 V, 1 A and 4 A Schottky diodes. 

I. INTRODUCTION 

Recently, a new class of power semiconductor devices 
has begun to emerge that utilizes the advantages of silicon 
carbide (Sic). Because power rectifiers are more easily 
produced than three terminal power devices, they have 
become the first commercially available S ic  power devices, 
as two Sic power diode products were announced in 2001. In 
order for circuit designers to fully utilize the advantages of 
this new technology, a comprehensive compact Sic power 
diode model was developed [l] for use in the Saber@ circuit 
simulator [2]. Since the model is based on the Mantooth 
unified diode model, it is capable of accurately describing 
forward-bias, reverse-bias, forward recovery, reverse 
recovery, temperature dependence, and self-heating 
conditions [3]-[5]. The purpose of this paper is to introduce a 
parameter extraction sequence that will enable the new model 
to be used for the variety of SIC power diodes that are being 
introduced as evaluation prototypes and that are becoming 
commercially available. 

Generally speaking, there are three classes of S ic  power 
rectifiers: (a) Schottky diodes, which offer extremely high 
switching speed but suffer from high leakage current; @) P N  
diodes, which offer low leakage current but show reverse 
recovely charge during switching and have a large junction 
forward voltage drop due to the wide bandgap of 4H-Sic; 
and (c) Merged PiN Schottky ( M P S )  diodes, which offer 
Schottky-like on-state and switching characteristics, and PN- 
like off-state characteristics [6]. It has been shown that a 
1500 V Sic M P S  diode provides superior performance over 
Si diodes with voltage ratings of 600 V to 1500 V [7], and 
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that a Sic PiN diode has superior performance compared to 
Si diodes with voltage ratings from 1200 V to 5000 V [8]. 

The comprehensive SIC power diode model is fully 
capable of modeling all three classes of power diodes. The 
model was previously shown to accurately describe the 1.5 
kV, 0.45 A MF'S and 5 kV, 0.25 A P N  power diodes over a 
wide range of application conditions in [I]. In this paper, a 
detailed parameter extraction sequence for the model is 
presented for Schottky, MPS, and PiN power diodes. Results 
are presented for large-area, high-current S ic  diodes using 
the 1.5 kV, 10 A MF'S; 5 kV, 20 A PiN; IO kV, 5 A PIN, and 
the new commercially available 600 V, 1 A and 4 A Sic 
Schottky diodes. 

Although a variety of other compact diode models for 
circuit simulation have been introduced for silicon in the past 
[9]-[ll], the model presented in this paper is the only diode 
model with proven results for all three Sic power diode 
technologies, a detailed parameter extraction sequence 
(developed in this paper), and subsequent availability in the 
Saber circuit simulator. Furthermore, the parameter 
extraction sequence developed here does not require an 
extensive knowledge of the device fabrication, therefore 
allowing users the flexibility to extract parameters from a 
finite set of measured data. 

11. COMPREHENS~VE SIC DIODE MODEL 
The model presented here is capable of modeling a wide 

variety of technologies, while still accurately describing 
forward-bias, reverse-bias, forward recovery, reverse 
recovery, temperature dependence, and self-heating 
conditions. The primary interests of the work presented here 
are the forward-bias condition, reverse recovery condition 
and the temperature dependence in these regions. 

To accurately describe the terminal characteristics of the 
power diodes, the model uses two forms of the diode 
equation. First, the most widely known form 



is used for low-level depletion region recombination iR, low- 
level injection ir, high-level injection iH, and emitter 
recombination iE currents, where IS is the saturation current, 
5 is the forward diode junction voltage, N is the emission 
coefficient, and V, is the thermal voltage. Each model current 
component has its own saturation current (ISR, ISL, ISH, and 
LSE) and emission coefficient (NR, NL, NH, and NE), 
respectively. If it is desirable to use only one of the model's 
injection currents, then the low-level injection current 
component must be used and NH is set to undefined or undef: 
In the case that both the low- and high-level injection 
conditions apply, the injection current equations of the form 
of (1) are coupled to provide better continuity and flexibility 
in characterization to form 

where 
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In (2), ir is the low-level injection current that takes the form 

If it is desired to model the forward recovery 
characteristics of power diodes, then a value of M O D  
should be specified (i.e., setting M O D  to zero tums off the 
forward recovery mechanism in the model). Once a nonzero 
value is specified, the model then incorporates a series 
resistance RMOD that is conductivity modulated according to 

of (1). 

(4) 

where v,,, is the voltage across the base, q,,, is the charge 
present in the base, w is the dynamic base width, and p,, and 
& are the carrier mobilities used by the model. 

Reverse recovery characteristics can also be accurately 
modeled. The total forward injection current io is used in 
calculating the total injected charge qo. The injected charge is 
calculated using 

qo =n.io (5) 

where the carrier lifetime 'ZT is a model parameter. This 
physics-based representation results in stored charge due to 
the forward injection current, but not the depletion region 
recombination or emitter recombination current. The charge, 
qo, is then divided into two portions: Qswo, the portion that is 
removed via sweep out effects, and QRa the portion that 

recombines or d i f k e s  out of the drift zone. To divide the 
charge, the model parameter ALPHD is invoked as follows: 

Qmo = U H O  ' q a  (6) 

and 

Q,, = (1 - ALPHO) . qo.  (7) 

The decay of QEo and Qswo requires a two time constant 
response or double-tau model. The model parameters TSW 
and TM control the nonquasi-static charge sweep out effect 
and the nonquasi-static diffusion effect, respectively. 

IT, TSK and TMcan be varied according to the simulation 
temperature, T, through relationships of the form 

where each time constant possesses a unique p, or BETA, and 
the model parameters are defined at a nominal temperature, 
TNOM. For convenience, the model requires TNOM to be 
input in degrees Celsius, but it should be noted that the 
physics-based model equations use temperatures in Kelvin 
(TNOMis internally converted to Kelvin). 

Each current component's saturation current IS is also a 
function of temperature. Their relationships have the 
following form 

where XTI is the saturation current temperature parameter for 
each current component, EG is the semiconductor bandgap at 
300K, and N is the temperature dependent emission 
coefficient for each current component. A more rigorous, 
physics-based derivation can be derived from [14] which 
produces a similar expression for the temperature dependence 
of the saturation current, but both expressions rely on fitting 
parameters for flexibility in characterization. Therefore (9), 
the most commonly used form [13], was implemented in the 
model. The emission coefficient of each current component 
has a temperature dependence given by 

N(T) = N(nvOM).[I +TNI(T-nvOM)+nv2(T-nvOM)7 
(10) 

where TNI and TN2 are the linear and quadratic temperature 
coefficients for each current component. 

The temperature dependence of the forward series contact 
resistance RS was implemented to provide greater flexibility 
in describing the series resistance due to the device and 
package effects. It is given by 
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where y,or GAMMA, is the exponential temperature 
parameter,TRSl is the linear temperature parameter, and 
TRS2 is the quadratic temperature parameter. 

In order to properly model S i c  devices over a wide range 
of temperatuses, it is necessary to incorporate the temperature 
dependence of the bandgap and carrier mobilities. The 
temperature dependence of the bandgap is of the form 

EG(T) = EG(3OOK) -3.3.10.) .(T - 300K) (12) 

and the temperature dependence of the carrier mobilities in 
the conductivity modulated base are of the following form: 

and 
(14) -ILpH" MUP 

1.76.10'' 

p,(T)=15.9+ 

where Ns is the doping concentration of the base and ALPHA 
isdefaultedto2.15 forSiC[12]. 

As can be observed from the above terminology, the 
model was developed with the PiN diode in mind, but due to 
the flexibility of the model's implementation it is also 
applicable to Schottky and MPS power diodes. Since both the 
Schottky and MPS technologies have current transport 
physics that are exponential in nature and their Schottky 
contacts induce a depletion capacitance, they can also be 
accurately modeled as will be demonstrated below [13], [14]. 

DIODE MODEL EXTRACTION SEQUENCE 
Table A.l presents the methodology used to extract each 

model parameter. The " X  in the column for the Schottky, 
M P S ,  and PiN diode types indicates the parameters and 
extraction steps needed for each diode type. The shaded area 
in Table A.l represents the physical and structural parameters 
that are calculated in the conventional manner, where the 
bandgap of 4H-Sic EG is 3.26 eV [7]; U, WO, M, and FC 
are the usual SPICE diode junction parameters [13]; and 
ML", MUP, KB, NB, and RMOD are used to capture the PiN 
forward recovery phenomenon. The unshaded area represents 
parameters that require extraction from measured data. The 
parameters are listed in the order in which they are to be 
extracted. The model parameters are extracted at the nominal 
temperature (TNOM), except for the temperature dependent 
parameters (parameters XTIR and helow in Table A.l) that 
are extracted using measured characteristics over a range of 
temperatures, typically 25 "C to 225 'C for Sic. 

The extraction techniques in this section are developed 
for Schottky power diodes, hut are equally applicable to M P S  
power diodes that are operated in the junction-bamer- 
controlled-Schottky (JSS) mode, i.e., the inherent PIN diodes 
do not turn on in normal forward bias operation. 

111. SIC SCHOTTKY AND MERGED PJN SCHOTTKY (MPS) 

0.0 0.5 1 .o 1.5 
DlOdO YOIUg8 M 

0 

Fig. 1. Measured on-state characteristics from 25 'C to 225 "C for the 600 V, 
4 A Schottky diode demonshating the extraction of RS ai high current 
densities. 

The SIC diode parameter extraction sequence begins by 
determining the physical and structural parameters for the 
diode at the nominal temperature ZVOM. As mentioned 
above, the parameters are named according to basic p-n 
junction theory, but can easily model the Schottky diode 
technology. In the case of the Schottky diode, the P-N 
grading coefficient M and the forward-bias depletion 
capacitance coefficient FC should be set to their default 
values of 0.5 [13]. The bandgap EG is set to the Schottky 
bamer voltage, which depends on the metal present (a 
summary of barrier heights for various metals is presented in 
[12]) and VJis set to the built-in potential [14]. The zero-bias 
junction capacitance U 0  can be calculated if enough 
information is available, measured from the diode's 
capacitance versus voltage characteristic, or it can be 
extracted as will be shown below. 

The forward on-state characteristics are used next to 
extract RS, ISR, and NR. The on-state characteristics are 
modeled with a series resistance RS and the low-level 
depletion region recombination current component in, which 
has model parameters ISR and NR. Typically, for Schottky 
diode technologies, the emission coefficient NR can initially 
be set to I ,  thus leaving only ISR and RS to be extracted 
versus on-state characteristics. If the model's low current 
region does not fit that of the measured data, then NR can be 
adjusted accordingly. The value of the forward series 
resistance RS is obtained directly from the inverse of the 
slope of the on-state current versus voltage characteristic at 
high to medium currents as shown in Fig. 1 for the 600 V, 4 
A Schottky diode. After a value for RS is extracted, the slope 
of the low current portion of the on-state curve is used to 
extract NR, while the y-intercept is used to extract ISR using 
a semi-log plot. Fig. 2 shows a semi-log plot of the measured 
forward current versus simulated forward current in the 600 
V, 4 A Schonky diode at 25' C. 

If further refinement in the low current region is desired, 
the model's emitter recombination current iE can he used in 
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Fig 2. Serm-lag plol of the measured (solid) and simulated (&shed) ioward 
diode cUrren1 dmonrmting b e  exmcflon of ISR and NR for thc 600 V, 4 A 
Schonky diode 

combination with in. To do this, the low current region of the 
on-state characteristic CUNC is divided into W O  pomons, and 
NE and ISE arc extractcd in the same manner as NR and ISR. 

Once the on-state charactcnstics' parameters have been 
extracted, transient reverse recovery waveforms arc used to 
extract the package capacitance. As prcviously stated, if the 
zero-bias value of the junction Capacitance is not able to be 
determined either analytically or expcrimcntally, then it can 
be extracted together with the package capacitance, The high- 
speed reverse rccovery test system constructed specifically 
for the new Sic technology is described in [ I ] .  The test 
system independently controls the turn-off forward current, 
reverse voltage, di/dt, dv/dt, and temperature. In the reverse 
recovery mcasuremcnts presented here, the device is tumed 

Fig. 3. Simulated (dashed) and mearund (solid) reverse recovery waveforms 
for the 600 V, 1 A Sic Schonky diode demonstrating the extraction of U 0  
and the package capacitance Cp (an extemal library part). 
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Fiz. 4. Simulated (dashed) and measund (salid) on-state characteristics for 
th; 1500 V, 10 d S i C  ?&S diode demokating the pmper extraction of 
XTIR, TRSI, TRS2, and GAMMA. 

off with a controlled dddt. For Schottky diode technologies, 
the lack of stored charge reduces the reverse recovery to that 
of charging the depletion and package capacitances. Once the 
diode current crosses zero, the voltage rises as the diode 
depletion capacitance and package capacitance are charged. 
The initial reverse recovery current peak is due mainly to the 
junction capacitance and is accounted for by C J O ,  while the 
further increase in the negative reverse current is due to the 
package capacitance current, as shown in Fig. 3. At high 
voltages, the depletion capacitance is reduced and the 
package capacitance current dominates. Therefore, the 
package capacitance C, is extracted from the high-voltage 
portion of the reverse recovery waveform. The values for C, 
and U0 should be extracted such that the corresponding 
voltage waveforms are aligned and have the correct dv/dt. 

After extracting the nominal parameters, the temperature 
dependent parameters are extracted. Typically, for Schottky 
diode technologies, majority carrier current dominates the 
conduction process, thus charge storage effects are 
negligible. In this case only the on-state characteristics 
temperature parameters are extracted. First, the saturation 
current ZSR's temperature exponent XTZR is extracted using 
the low foward current characteristic over a range of 
temperatures. Next, the emission coefficient's linear TNRl, 
and quadratic ZVE? temperature coeffjcients are extracted as 
needed. These parameters are also extracted using the low 
forward current characteristics measured over a range of 
temperatures. The decrease in slope of the on-state 
characteristics (at medium to high current) as temperature 
increases is used to extract the parameters representing the 
temperature dependence of RS (i.e., a value for RS is 
extracted for each on-state curve versus temperature as was 
shown in Fig. 1). The values of RS'extracted for each 
temperature are then used in (1 1) to optimize the exponential 
GAMMA, linear TRSI, and quadratic TRS2 temperature 
parameters for RS, Fig. 4 demonstrates the results h m  
extracting XTZR, TRSI, TRS2, and GAMMA for the 1.5 kV, 
10 AMPS diode. Fig. 5 demonstrates the extraction of the 
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Fig. 5. Simulated (dashed) and measured (solid) reverse recovery waveforms 
for the 600 V, 1 A SIC Schottky diode demonstratiog the exwction of the 
dynamic temperature paramaers. 

dynamic temperature parameters for the 600 V, 1 A Schottky 
diode (i.e., dynamic temperature parameters are set to zero). 

Furthermore, if the MF'S diode is biased such that the 
inherent PiN diodes become sufficiently forward biased, then 
the surge current due to the PiN diodes can also be modeled 
by separating the forward current due to the Schottky 
contacts into in, and the current due to the inherent PiN 
diodes into the injection current io and the emitter 
recombination current in. By properly partitioning the 
extraction sequence such that the SchottkyiMPS sequence 
developed above is performed at forward bias values before 
turn-on of the PiN diodes, and the PiN extraction sequence 
developed below is performed in the high current range, 
emitter recombination current and charge storage effects can 
he easily introduced to accurately describe both the on-state 
and transient characteristics of the device. 

IV. SIC PIN DIODE MODEL EXTRACTION SEQUENCE 

In contrast to the S E  MPS diode extraction, the S ic  PiN 
diode parameter extraction sequence requires extensive use 
of transient reverse recovery waveforms. The reverse 
recovery measurements include varying the turn-off forward 
c m t ,  di/dt, dv/dt, and temperature. 

The Sic diode parameter extraction sequence begins by 
determining the physical and structural parameters for the 
diode. After these parameters have been calculated, the slope 
of the on-state curve at high to medium currents is used to 
extract RS. Note that if M O D  is specified, then the total 
forward series resistance of the diode in the high current 
region is composed of the series combination of the contact 
resistance RS and the conductivity modulated drill region 
resistance RMOD. Next, the low-level injection, high-level 
injection, and emitter recomhination current parameters are 
extracted. The emitter recombination parameters are the most 
important feature of the comprehensive S ic  power diode 
model. For SIC, as opposed to silicon, the emitter 
recombination parameters should be accurately extracted to 
account for the low emitter efficiency that is present in these 
S ic  devices. The emitter recombination current results in no 

::I1 , 
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Fig. 6. Determination of emitter recombination current with revme recovery 
waveforms versus foward current far the 10 kV, 5 A PiN diode. Emitter 
recombination dominates the conduction process &er 2 A forward c w t .  

additional reverse recovery charge, therefore it is necessq  
to separate out the on-state current due to forward injection 
and that due to emitter recombination. The low to medium 
current regions of the on-state curves are used to extract the 
low- and high-level injection currents' parameters, ISL, NL, 
ISH, and NH, 

The remainder of the parameters are extracted using the 
reverse recovery waveforms. The emitter recombination 
current parameters (ISE and NE) are extracted from low di/dt 
reverse recovery waveforms as a function of forward current 
before tumoff. The maximum reverse current at turnoff as a 
function of the forward current value before tumoff is used to 
determine the value of forward current at which the emitter 
recombination current begins to dominate as shown in Fig. 6 
for the case of the 10 kV, 5 A PiN diode, where the emitter 
recombination current dominates above 2A forward current. 
Fig. 7 shows the transition of total on-state current from the 
low- and high-level injection currents io to the emitter 
recombination current i, for the 10 kV PiN diode. The values 
of ISL and ISH, and NL and NH, are extracted from the y- 
intercept and slope, respectively, at low to medium forward 
currents below the transition shown in Fig. 7, while ISE and 
NE are extracted at medium to high forward c m t s .  

Once the reverse recovery current dependence has been 
characterized, the dynamic parameters are extracted from 
reverse recovery measurements for low current and low 
dv/dt. Extracting the dynamic parameters at low current 
ensures the emitter recombination current is at a minimum, 
and by reducing the dvldt seen by the diode, the package and 
junction capacitance currents are reduced leaving only the 
decay of stored charge. The lifetime, TT, is extracted from 
the maximum reverse current and the decay of the tail current 
after turnoff. Once TT has been extracted, the model's two 
time constants are determined by separating the portion of 
reveme recovery current due to charge sweep out from the 
portion due to recombination and difision. The values for 
ALPHO, TSW, and TM are also extracted for low values of 
dv/dt. ALPHO is extracted during the entire tail current decay 
process, while TSW is extracted during the fmt phase and TM 
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Fig. I .  Total fonvard " n t  (solid) and components due to low- and high- 
injection ;., and emitter recombination i. (dashed) for the 10 kV, 5 A PiN. 
Emitter recombination current results in no additional reverse recovery 
charge. 

is extracted during the second phase of the tail current decay. 
Fig. 8 demonstrates the extraction of the dynamic parameters 
V, TSW, TM and ALPHO. 

The package capacitance for the PiN diode is extracted 
in the same manner as that of the Schottky/MF'S diode using 
the high dv/dt reverse recovery current during the second 
phase. The fmt phase is due to stored charge recovery as 
described in [8]. The high-current devices characterized in 
this work are unpackaged, but for demonstration purposes a 
curve from [l] is shown in Fig. 9 demonstrating the 
extraction of the package capacitance and Cl0 for a 5 kV, 
0.25 A PSI diode. Note that proper extraction of U0 and the 
package capacitance leads to the correct dv/dt of the voltage 
waveforms. Fig. I O  demonstrates the reverse recovery 
waveforms at two different values of di/dt for the unpackaged 
5 kV, 20 A PiN diode (i.e., the package capacitance current 
does not dominate the second phase of the recovery current). 
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I 

197 .2~  197.4~ 197 .6~  197 .8~  198u 
Time 6) 

Fig. 8. Simulated (dashed) and measuAd (solid) reverse recovery waveforms 
for the 5 kV, 20 A Sic  PiN diode at low dvidt, showing the measurwent 
used for e x a t i o n  of Ti? 7sW; TM and ALPHO. 
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Fig. 9. Simulated (dashed) and measured (solid) reverse recovery waveform 
for the 5 kV, 0.25 A PiN dmonstrating the exaactian of U0 and C,. 

For the PiN diode, the temperam parameter extraction 
is more involved than that for the SchottkyMPS. Since the 
PiN is a minority carrier device, the temperature dependence 
of the carrier lifetime and carrier sweep out effects must also 
be extracted in addition to the forward current parameters. 

To determine the temperature characteristics of the 
forward diode current, measurements of the emitter 
recombination current, such as that shown in Fig. 6, should 
be performed over the temperature range. Once these 
measurements are complete, ISL's and ISWs temperature 
exponents, XTIL and XTIH, are extracted at low to medium 
forward currents over a range of temperatures, while ISE's 
temperature exponent XTIE is extracted at medium to high 
currents. These parameters lead to curves similar to Fig. 7 for 
each temperame. The low-level and high-level injection 

V 
an 

rn" W a  nru Wdv ana" 
-11 

snm, 
m* 1.1 

Fig. 10. Simulated (dashed) and measured (solid) reverse recovery 
waveforms for the unpaekaged 5 kV, 20 A SIC PiN diode with switching 
speeds of 100 A/ps and 40 Alp showg the results of the extraction of n, 
TSW, TM and ALPHO. 
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Fig. I I .  Simulated (dashed) and measured (solid) revme recovery 
waveforms for the 5 kV, 20 A Sic PiN diode at low dddt, showing the 
measurements used far exhaction ofBETA, BETASK AND BETAM. 

currents' emission coefficient's linear (73VL2, I1vHZ) and 
quadratic (TNL2, TNH2) temperature coefficients are also 
extracted at low to medium forward currents, while the 
emitter recombination current's linear (73VEZ) and quadratic 
(73VE2) coefficients are again extracted at medium to high 
forward currents over the range of temperatures. 

The PiN diode's forward series resistance, RS, has 
exponential ( G A M ) ,  linear (TRSZ), and quadratic (TRs2) 
temperature parameters. These parameters are extracted at 
medium to high currents over the measured range of 
temperatures. The l i f e h e  temperature parameters (BETA, 
BETASW, and BETAM) are extracted from low dv/dt reverse 
recovery measurements as shown in Fig. 11, where each 
temperature value yields a unique n, TSW, and TM that 
results in the optimization of (8). Therefore, BETA is 
extracted from the maximum reverse current and decay of the 
tail current over a range of temperatures, while BETASWand 
BETAMare extracted from the first and second phases of the 
tail current decay over a range of temperatures. 

It should be noted that the structural parameter M O D  is 
specified only if forward recovery is desired. Specifying a 
value for RMOD adds an iterative loop in the extraction 
sequence between the on-state curves at high current and the 
low dvidt reverse recovery waveforms, due to the 
implementations of (4) and (5). An initial guess for the 
carrier lifetime 7T is required to reduce the number of 
iterations. 

sequence allows the implementation of any of the 
aforementioned diode technologies for a wide range of 
application conditions. Furthermore, the upcoming 
availability of the comprehensive Sic power diode model in 
the Saber circuit simulator along with the detailed parameter 
extraction sequence presented here will allow circuit 
designers to efficiently develop Sic  component models for 
circuit simulation and demonstrate the advantages these 
devices will provide over typical silicon devices. 
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